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Introduction:  Computer-assisted  orthopaedic  surgery  (CAOS)  theoretically  will  help  to  optimise  total  hip
arthroplasty  (THA)  results.  Although  CAOS  systems  have  become  more  sophisticated,  they  are  not  widely
used, partially  because  of  their  suspect  reliability.  To  assess  reliability  of these  systems,  we  carried  out
a  study  with  multiple  objectives  in  mind:  (1)  establish  and  compare  the accuracy  of the  leg length  (LL)
measurement  from  three  CAOS  systems;  (2) analyse  the  correlation  of  LL  and  offset  data  generated  by
these CAOS  systems  with  those  of the  EOSTM imaging  system;  (3)  determine  if the  goals  of  leg  length
restoration  with  ±2 and ±5  mm  were  achieved;  (4)  evaluate  why  certain  cases  fails.
Hypothesis:  The  three  CAOS  systems  have  the  same  accuracy  for LL, and  their  error  is less  than  or  equal
to  0.6  mm.
Material  and  methods:  We  retrospectively  studied  106 cases  of  primary  THA  where preoperative  and
postoperative  measures  of leg length  had  been  performed  with  an EOSTM imaging  system.  The  cases
were  placed  in  three  groups,  depending  on  which  CAOS  system  had  been  used:  group  A (AmplivisionTM,
amplitude),  group  B (Hip  ExpressTM, Brainlab),  group  P (THSTM, Praxim).  The  accuracy  of  the  leg length
data  was  calculated  by  ﬁnding  the difference  between  the  data  from  each  CAOS  system  and  the  gold-
standard  EOS  measurements.
Results: The  leg  length  accuracy  was −0.846  [−5 to 9], −0.675  [−9 to 18]  and  0.542  mm  [−5 to  13],
respectively  for  groups  A,  B and  P.  The  accuracy  was  signiﬁcantly  lower  in  group  A  than  B (P  = 0.044)
and  group  P  (P =  0.038).  The  Pearson  correlation  coefﬁcient  for  CAOS  and  EOS  measurements  was  0.189,
0.701  and  0.891  for  leg  length  and  0.668,  0.202  and  0.680  for offset,  for groups  A,  B and  P,  respectively.
No difference  between  groups  were  observed  relative  to the  leg  length  objectives  being  achieved  within
±2  mm  (P  = 0.61)  and  ±5  mm  (P = 0.314).  There  were  no  differences  in  terms  of  the  number  of  CAOS
failures:  three  in  group  A,  one  in group  B  and  three  in  group  P  (P = 0.06).
Conclusion:  The  PraximTM and  BrainlabTM CAOS  systems  had  similar  accuracy  for leg length  measure-
ments,  and  both  were  better  than the  AmplitudeTM system.  Only  the  PraximTM had  an  error  of  less  than
0.6  mm.  All  the  CAOS  systems  had values  less  than  1 mm,  which  is  considered  excellent.
Level  of evidence:  Level  IV, retrospective  study.. Introduction
With more than 140,000 total hip arthroplasty (THA) proce-
ures performed each year in France [1], it is now one of the
ost common orthopaedic surgery procedures. As this procedure
s performed more often, the expectations have become higher;
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good functional outcomes should be achieved without compli-
cations. Leg length discrepancy (LLD) was considered harmless
a few years, but has become the third most common reason
for patient dissatisfaction after THA [2]. In conventional surgery,
implants are positioned in a patient coordinate system, using
the surgeon’s insight and experience, anatomical landmarks and
dedicated instrumentation. However, it is difﬁcult to determine
intra-operatively if these objectives are achieved.Computer-assisted orthopaedic surgery (CAOS) provides infor-
mation on the location of the implants and surgical instruments in
real-time. Before the advent of CAOS, this data was either obscure
or perceived subjectively [3,4]. But its clinical beneﬁt remains
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ontroversial [5–7]. Few clinical studies have been performed to
etermine the accuracy of CAOS leg length and femoral offset [8,9].
nalysis of CAOS data relative to radiograph measurements are
ot very accurate, while CT-scan measurements are controversial
ecause the acquisition is not weight bearing (supine) and exposes
he patient to excessive radiation [10]. The recent introduction of
OSTM stereoradiography gets around these problems and this sys-
em has satisfactory accuracy [10].
The availability of more intuitive and less invasive CAOS systems
ould revive interest in CAOS, as long as their reliability is demon-
trated. This led us to perform a retrospective study comparing EOS
ata with CAOS data with the following objectives in mind:
establish and compare the accuracy of the leg length (LL) mea-
sured by CAOS systems;
analyse the correlation of LL and offset data generated by CAOS
systems with those of the EOSTM imaging system;
determine if the goals of leg length restoration with ±2 and
±5 mm were achieved;
evaluate why certain cases fails.
The primary hypothesis was that three typical CAOS systems
ave the same accuracy for LL measurements, and their error is
ess than or equal to 0.6 mm [9,10].
. Material and methods
.1. Patients
This was a retrospective study of 147 consecutive patients who
nderwent primary TKA using surgical navigation; all patients
ere operated by the same surgeon at a single healthcare facility
etween January 2011 and June 2012. Patients who had previous
ip surgery were included, but those without preoperative and/or
ostoperative EOS images were excluded. The patients were placed
n three groups, depending on which CAOS system had been used:
ig. 1. Praxim THSTM navigation system; navigation workstation; surgical set up (pelvis 
f  pelvis array at iliac crest; array on reamer handle used to navigate during reaming andSurgery & Research 101 (2015) 647–653
group A – AmplivisionTM (Amplitude, Valence, France), group B –
Hip ExpressTM (Brainlab, Feldkirchen, Germany), group P – THSTM
(Praxim, Grenoble, France).
2.2. Methods
The THA procedure was performed in a standardised manner
through a posterolateral approach with the patient in lateral decu-
bitus. Two  types of cementless hip implants were used: the CorailTM
stem and PinnacleTM cup (Depuy, Warsaw, USA) were used in
group B and group P patients, while the IntegraleTM stem and
HorizonTM cup (Amplitude) were used in group A patients. The
surgeon decided on which CAOS system to use based solely on the
availability of the system and its associated instrumentation.
These CAOS systems are geometric. The PraximTM system uses
the Lewinnek (anterior pelvic) plane, while the BrainlabTM and
AmplitudeTM systems use a femoral coordinate system; the latter
is a combined geometric–functional system [4]. All three systems
are passive, imageless systems that require speciﬁc instrumen-
tation. The “pelvis” array is positioned above the anterosuperior
iliac spine. The PraximTM system requires two set-ups because it
uses the Lewinnek plane; femoral pins are placed in the greater
trochanter (Fig. 1). The BrainlabTM system does not require femoral
pins; the femoral array is screwed to a plate taped to the skin over
the distal femur (Fig. 2). The AmplitudeTM system is a closed sys-
tem that requires use of amplitude hip implants; femoral pins are
placed in the greater trochanter (Fig. 3).
2.3. Assessment methods
For each patient, the age, gender, THA indication, operated side,
osteoarthritis stage [11], goal of the navigation and the preopera-
tive LLD according to the EOS system were recorded. The LLD was
also measured clinically before and after the THA procedure using
the method described by Beattie et al. [12].
and femur arrays visible); positioning of femur array (F) HipLocTM and positioning
 then cup impaction.
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rig. 2. Brainlab Hip ExpressTM navigation system; navigation workstation; surgica
xed  reference point on femur (temporary screw at greater trochanter); pinless fem
Each patient underwent an EOS imaging assessment preopera-
ively and then 6 months after the THA procedure. Measurements
f leg length and offset were performed using the manual three-
imensional SterEOSTM (EOS Imaging, Paris, France) measurement
ystem. The entire leg (including the pelvis) was  visualised from
ig. 3. Amplitude AmplivisionTM system; navigation workstation; positioning of bone a
orphing of acetabulum and deﬁnition of reference points (anterior and posterior edge
esults (length, offset) with selected implants (36 head, short neck, offset) and projected ioning (pelvis and femur arrays visible); positioning of pelvis array; placement of
rray attached to skin.
the ground to the hip (Fig. 4). The following measurements were• height of hind-foot (ground to top of talus);
• length of tibia (top of talus to centre of intercondylar eminence);
rray with bone morphing of femoral head; positioning of pelvis array with bone
s of the acetabulum and obturator foramen) to establish the hip centre; projected
range of motion.
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wig. 4. Measurement of leg length performed manually with SterEOSTM in three-di
length of femur (top of intercondylar notch to centre of femoral
head);
height of acetabulum (iliac crest to centre of femoral head).
Leg length was  the sum of these four measurements.
Radiological LLD was deﬁned as the difference in the length
f both legs. Offset was measured as described by Lazennec et al.
13]. Only global offset (femur and acetabulum) [14] was  evaluated
ecause the BrainlabTM and AmplitudeTM systems do not measure
hese two components separately.
The accuracy of the leg length and offset data was found by cal-
ulating the average difference between the data from each CAOS
ystem and the gold-standard EOS measurements. The LLD values
etermined clinically and radiologically with the EOS system before
urgery were used to deﬁne a leg length objective for each patient;
his became the navigation objective. In every patient, the offset-
elated objective was to restore the preoperative conﬁguration.
.4. Statistical methods
Quantitative variables were analysed with an ANOVA; quali-
ative variables were analysed with Fisher’s test, the Chi2 test or
2 test. The reliability of the length and offset data generated by
he CAOS systems was evaluated using Pearson’s correlation coef-
cient (r) and Bland–Altman plots. According to Gaddis and Gaddis
15], the correlation is considered low if the r was  ≤ 0.35, moder-
te if between 0.36 and 0.65, strong if between 0.66 and 0.85, and
ery strong if above 0.85. The accuracy of the leg length data was
ompared between groups using an ANOVA. An effect size (2) of
.34 was calculated based on intra- and intergroup variances for
he ANOVA. To achieve a statistical power (P = 1 − ) of 80%, with = 5%, 2 = 0.34 and unequal group sizes, 87 subjects were needed.
he ANOVA had a post-hoc power of 83%. The assumptions for para-
etric statistical tests (independence, normality and homogeneity)
ere met. The signiﬁcance threshold was set at 5%. The statisticalons; the position of the measured points on each segment is based on both views.
analysis was performed using XLSTATTM software (version 2015,
AddInsoft, Paris, France).
3. Results
3.1. Population
The analysis was performed on data from 106 patients; 147 THA
cases had been included but the postoperative EOS session was not
performed in 35 cases and the CAOS data was missing in 6 cases.
There was no difference in the patient characteristics of the three
groups (Table 1).
3.2. Accuracy of navigation data and correlation with EOS data
The leg length accuracy is given in Table 2. The accuracy was
signiﬁcantly lower in group A than in group B (P = 0.044) and
group P (P = 0.038). The leg length and offset data generated by the
CAOS systems and measured on the EOS images are summarised in
Table 3. There was a weak correlation between the measured EOS
leg length and the group A data, a strong correlation with group B
data and a very strong correlation with group P data. Groups A and
P had a strong correlation for the offset data, while group B had
a weak correlation. Bland–Altman plots conﬁrmed these ﬁndings
(Fig. 5).
3.3. Leg length objectives
The results of the leg length objective are given in Table 4. There
was no difference in the ability of the various CAOS systems to
achieve the LL objectives of ±2 mm (P = 0.61) and ±5 mm (P = 0.314).3.4. Failures and complications
Seven failures were documented. Three failures in group A were
all related to software use errors. One failure occurred in group
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Table  1
Study population.
n Group A Group B Group P P-value
Gender (men/women) 12/11 18/24 20/21 0.303
Age  (years) [min–max] 66 68 [51–84] 66 [41–85] 65 [44–87] 0.721
Indication
Primary 79 16 33 30 0.499
Dysplasia 13 3 4 6
Inﬂammatory 6 2 2 2
Rapid  destruction 3 1 1 1
Post-traumatic 1 0 1 0
Osteonecrosis 4 1 1 2
Operated side
Left 55 14 22 20 0.851
Right  51 9 10 21
OA  stage [11]
II 3 0 1 2 0.484
III  55 12 25 18
IV  48 11 16 21
Contralateral THA 34 8 15 11 0.064
Navigation objective (operated leg)
Same length 64 13 26 25 0.076
Lengthening 37 8 15 14
Shortening 5 2 1 2
Preop  LLD (mm) on EOS relative to operated
side ± SD [min; max]
4 ± 6.4
[−16 to 25]
4 ± 6.4
[−15 to 20]
3.5 ± 6.3
[−16 to 25]
4.5 ± 7.2
[−13 to 25]
0.099
THA: total hip arthroplasty; LLD: leg length discrepancy; group A: AmplivisionTM (Amplitude); group B: Hip ExpressTM (Brainlab); group P: THSTM (Praxim).
Table 2
Leg length accuracy of CAOS systems.
Difference EOS/Nav data n Mean [min–max] (mm) Standard deviation P-value
Leg length
Difference EOS − Group A Nav 23 −0.846 [−5–9] 2.035 A/B: 0.044 A/P: 0.038
Difference EOS − Group B Nav 42 −0.675 [−9–18] 4.305 B/P: 0.986
Difference EOS − Group P Nav 41 0.542 [−5–13] 3.547 A/P: 0.038
Offset
Difference EOS − Group A Nav 23 −2.615 [−10–5] 4.616 A/B: 0.06 A/P: 0.151
Difference EOS − Group B Nav 42 0.075 [−23–29] 8.087 B/P: 0.347
Difference EOS − Group P Nav 41 0.826 [−11–17] 5.961 A/P: 0.151
Group A: AmplivisionTM (Amplitude); group B: Hip ExpressTM (Brainlab); group P: THSTM (Praxim).
Table 3
Overall results for EOS and CAOS leg length and offset data.
Group A (n = 23) Group B (n = 42) Group P (n = 41)
Navigation EOS Navigation EOS Navigation EOS
Leg length
Mean (±SD) (mm) 1.08 ± 1.55 0.23 ± 1.64 3.85 ± 5.99 3.17 ± 5.15 3.98 ± 4.27 4.35 ± 4.94
[Min–Max] (mm) [−2–3] [−3–3] [−15–20] [−11–16] [−5.5–16] [−5–16]
Pearson (r) 0.189 0.701 0.891
Offset
Mean (±SD) (mm) −2.8 ± 5.57 0 ± 5.73 1.55 ± 7.99 1.62 ± 7.53 0 ± 3.95 0.83 ± 4.87
[Min–Max] (mm) [−12–8] [−8–14] [−1
Pearson (r) 0.668 0.20
Group A: AmplivisionTM (amplitude); group B: Hip ExpressTM (Brainlab); group P: THSTM
Table 4
Attainment of leg length objectives.
Leg length objective Group A
(n = 23)
Group B
(n = 42)
Group P
(n = 41)
P
Achieved ± 2 mm  2 6 11 0.61
Not  achieved ± 2 mm 21 36 30
Achieved ± 5 mm 17 36 37 0.314
Not  achieved ± 5 mm 5 6 4
G
T
B
g
m
rroup A: AmplivisionTM (amplitude); group B: Hip ExpressTM (Brainlab); group P:
HSTM (Praxim). due to disassembly of the iliac array. Three failures occurred in
roup P. Two  were detected because of irregular conﬁdence point
easurements, without an obvious cause. One of these failures
equired immediate revision as the patient had a clinical LLD of7–30] [−11–13] [−11–11] [−10–18]
2 0.680
(Praxim).
more than 15 mm.  The third failure was due to disassembly of the
iliac array. The number of failures was not different between groups
(P = 0.06).
4. Discussion
To our knowledge, this is the ﬁrst study to analyse and com-
pare clinically the accuracy of leg length data generated by CAOS
systems. Most published studies with CAOS system speciﬁcally
compare the position of the acetabular cup with and without use
of surgical navigation [7,16]. However, leg length restoration is a
problem that could be solved in part by use of more intuitive and
less invasive CAOS system, as long as their accuracy is conﬁrmed.
Our ﬁndings do not support our hypothesis that all three systems
have similar accuracy for leg length measurement: the PraximTM
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ocated in the area deﬁned by the two  red dashed lines are cases that are statisticall
nd  offset for amplitude cases; b: leg length and offset for BrainLab cases; c: leg len
0.54 ± 3.55) and BrainlabTM (−0.68 ± 4.31) systems had similar
ccuracy from a statistical point of view, and both were better than
he AmplitudeTM (−0.846 ± 2.04) system. Only the PraximTM had
ess than 0.6 mm error. All the CAOS systems had values below
 mm,  which is considered excellent.
This study has several limitations. The lack of randomisation
ay  have created a recruitment bias, and although the groups
ad similar preoperative characteristics, group A only included
3 cases. However, retrospective calculations indicate that the
tudy’s power was sufﬁcient and the size effect was satisfactory.
lthough the EOS system has demonstrated its accuracy to a half-
illimetre [8], some measurement bias is possible. All the data from
he included patients were used in the analysis, even outlier values
hat may  have altered the results.rrelation between the EOS measurement and the surgical navigation data. Points
lated. Points outside these lines are considered statistically divergent. a: leg length
d offset for Praxim cases.
The results of this study are similar to those of a previous study
of 321 THA cases performed with the PraximTM navigation sys-
tem, where leg length accuracy of 0.4 ± 1.7 mm was found (accuracy
determined relative to pelvis X-rays, 0 mm median value; publica-
tion being prepared). The offset accuracy (−2.61 ± 4.6 mm for group
A, 0.07 ± 8.08 mm for group B and 0.82 ± 5.96 mm for group P)
was similar to published data and is considered excellent for the
BrainlabTM and PraximTM systems.
Using radiographs, Murphy and Ecker [17] found an accuracy
of −0.5 ± 1.77 mm for leg length with their system. In the Dastane
et al. [8] study of offset accuracy (1.4 ± 6.4 mm),  the leg length accu-
racy was 0.6 ± 3.6 mm.  Renkawitz et al. [18] performed a cadaver
study to assess the accuracy of the BrainlabTM system with pins (CT
measurements) and found values of 0.74 ± 2.4 mm for leg length
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nd 0.89 ± 1.8 mm for offset. In another cadaver study with the
rainlabTM system, the leg length accuracy was 0.5 ± 1.2 mm and
he offset accuracy was 0.5 ± 0.9 mm [10,19]. With this CAOS sys-
em, a pinless femoral array is taped to the skin and the algorithm
ests on a comparison of the leg’s initial position and actual position
etermined using the relationship between the femur and pelvis
rrays. The relative positions are analysed by taking distance, trans-
ation and rotation into consideration. The tibial reﬂector is ﬁxed
n the skin, far away from the reference plane (femoral axis). Any
ovement or sliding of the reﬂector on the skin or even the soft
issues relative to the femur can induce an error in the algorithm.
enkawitz et al. [20] reported relative mediolateral translation
ovements of the femur array of 8.2 mm and up to 8.8◦ in rotation.
hese movements were responsible for measurement errors up to
.3 mm for leg length and 1.2 mm for offset, relative to the mea-
urements performed simultaneously with pin-ﬁxed arrays. They
oncluded that the pinless array was inferior and that its algorithm
hould be improved [20]. More recently, Ulivi et al. [9] reported an
ccuracy of 0 ± 1.16 mm for leg length and 0.20 ± 1.21 mm for offset
uring an intraoperative evaluation.
Our results are supported by the Pearson coefﬁcient and
land–Altman plots that also demonstrate the accuracy of the
rainlabTM and PraximTM systems. However, none of the systems
ad a superior ability to restore leg length with ±2 and ±5  mm of the
reoperative objective. This study did not allow us to determine if
he accuracy of these CAOS systems provides a beneﬁt to the patient
elative to the same procedure performed without navigation.
The failure rate for the CAOS procedures was not different
etween the three systems; however each system had its partic-
larities:
all the failures with the AmplitudeTM system were caused by the
complexity of the user interface;
the ease of use of the BrainlabTM system and the perceived lack
of effect on surgical time had to be balanced with the drawback
that this system – unlike the others – does not allow surgical
navigation of the acetabular component. The failed case was due
to disassembly of the iliac array;
the two failures with the PraximTM system due to irregular mea-
surement of the conﬁdence points cannot be explained; it is likely
that one of the arrays shifted without the surgical staff noticing.
The main drawback of this system is that the double draping
ncreases the surgery time by 20 minutes [21], giving an impression
hat the system is cumbersome.
. Conclusion
Our hypothesis was  not conﬁrmed. There was  no differ-
nce in the accuracy of leg length measurements between the
raximTM and BrainlabTM systems, but both were better than
he AmplitudeTM system. Only the PraximTM had accuracy below
.6 mm.  The accuracy was excellent (less than 1 mm)  with all three
ystems; these ﬁndings must be taken into consideration, along
ith each system’s strengths and weaknesses.
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